Whole-body lipolytic rates and the rate of triglyceride-fatty acid cycling (reesterification of fatty acids released during lipolysis) were measured with stable isotopic tracers in the basal state and during beta-adrenergic blockade with propranolol infusion in five cachectic patients with squamous cell carcinoma of the esophagus, five cachectic cancer-free, nutritionally-matched control patients, and 10 healthy volunteers. Resting energy expenditure and plasma catecholamines were normal in all three groups. The basal rate of glycerol appearance in blood in the patients with cancer (2.96 +/-0.45 mumol.kg-1.min-1) was similar to that in the nutritionally matched controls (3.07 +/-0.28 mumol.kg-1.min-1), but 48% greater than in the normal-weight volunteers (2.00 +/-0.16 mumol.kg-1.min-1) (P = 0.028). The antilipolytic effect of propranolol and the rate of triglyceride-fatty acid cycling in the patients with cancer were also similar in the cachectic control group and approximately 50% greater than in the normal-weight volunteers, but the differences were not statistically significant because of the variability in the data. We conclude that the increase in lipolysis and triglyceride-fatty acid cycling in "unstressed" cachectic patients with esophageal cancer is due to alterations in their nutritional status rather than the presence of tumor itself. Increased beta-adrenergic activity may be an important contributor to the stimulation of lipolysis.
Introduction
During the course of their illness, patients with cancer often lose weight, depleting body protein and fat (1, 2) . Understanding the mechanisms involved in loss of body fat may be clinically important because weight loss itself is a bad prognostic sign (3, 4) and the amount of remaining fat in starved individuals has been shown to correlate closely with the duration of survival (5) . Although the precise mechanisms responsible for the decline in body fat are not completely understood, an imbalance between intake and expenditure of energy must exist so that fatty acids released from stored triglycerides are oxidized for fuel. The consumption of endogenous energy stores may be related to decreased caloric intake or increased energy expenditure or both. Studies performed in animals suggest that loss of fat is not caused by decreased food intake alone. Lipid depletion occurs even before the onset ofanorexia in mice (6) and is more severe in tumor-bearing animals than in pair-fed controls (7) . The observation that lipolytic rates measured in epididymal fat pads of tumor-bearing mice (8) and rats (9) are two-to threefold greater than in normal animals suggests that increased rates of lipolysis contribute to the loss of body fat provided that fat oxidation is also increased.
In humans the effect of cancer on lipid metabolism is unclear. Whole-body lipolytic rates in patients with cancer have been reported to be both normal (10, 11) and increased (12) (13) (14) , and the basal rate of fat oxidation has been reported to be both normal (12, 15) and increased (14) . A rapid loss of fat mass could occur if both lipolysis and fatty acid oxidation are increased. An increase in lipolysis without an equal and parallel increase in fatty acid oxidation would cause an increase in triglyceride-fatty acid (TG-FA)' cycling, which occurs when fatty acids released during lipolysis are subsequently reesterified back to triglyceride. Although TG-FA cycling does not result in any net flux ofreactants, it does require energy and may increase metabolic rate. Several studies have found the resting metabolic rate to be increased in patients with cancer (16) (17) (18) . In other clinical conditions in which both energy expenditure and lipolytic rates are increased, such as burn injury, an increase in TG-FA cycling accounted for a significant proportion of the increase in energy expenditure ( 19) . f3-Adrenergic activity is an important regulator of lipolysis, energy expenditure, and TG-FA cycling in healthy humans (20, 21) . In burn injury, when plasma catecholamine concentrations are high, fl-adrenergic activity has been demonstrated to be a potent stimulator of both lipolysis and TG-FA cycling (16). Elevated plasma catecholamines in patients with cancer have been reported, suggesting adrenergic stimulation as a possible mechanism for increased lipolysis and TG-FA cycling (22) .
The present study was performed to evaluate energy expenditure, whole-body lipolytic rates, TG-FA cycling, and the importance of fl-adrenergic stimulation on lipolysis in cachectic patients with squamous cell carcinoma of the esophagus. Cachectic patients who did not have cancer and normalweight volunteers were also studied to distinguish the effects of cancer itself from those of malnutrition. Stable isotopic tracers were used to determine lipid kinetics by measuring the rates of appearance (Ra) ofglycerol and palmitic acid in blood plasma.
Lipolytic rates in the basal state and during propranolol infusion were evaluated to quantify the contribution of fl-adrenergic activity.
Methods
Subjects. This study was approved by the Institutional Review Board and Clinical Research Center of The University of Texas Medical Branch at Galveston. Five cachectic patients with biopsy-proved squamous cell carcinoma of the esophagus, five cancer-free cachectic patients, and 10 healthy volunteers of normal weight were studied. The characteristics of the study subjects are shown in Table I . Cachectic patients were defined as those who had lost 10% or more of body weight during the 6 mo before the study. The percentage of body weight lost in each patient with cancer was matched with that in a cachectic cancer-free control patient. The amount of body weight loss was determined by patient history and interview with at least one close family member living in the same household. All patients with cancer were carefully selected so that they. had the same type of tumor, no other illness or inflammatory condition, no metastases, and no previous anticancer therapy to avoid confounding influences on the experimental results. The tumors were circumferential and caused dysphagia in all patients. Tumor lengths ranged from 4 to 10 cm (mean±SE, 7±1 cm). All subjects received a comprehensive medical examination including history and physical examination, routine blood tests, thyroid function studies, and electrocardiogram. Subjects with anemia or hypertension or with endocrinologic, cardiac, pulmonary, renal, hepatobiliary, or inflammatory diseases were excluded. No patient was taking any medications at the time of the study. The normal volunteers were of normal weight for height as determined by the 1983 Metropolitan Life Insurance Tables.
Study protocol. Each subject was admitted to the Clinical Research Center and given a standard meal (12 kcal/kg Ensure [Ross Laboratories, Columbus, OH]) during the afternoon and evening before the metabolic studies. After subjects were fasted overnight (12 h), Teflon catheters were inserted into the antecubital vein of one arm for infu- *Malabsorption, esophageal motility disorder, esophageal stricture, poor dentition, and depression. M, male; F, female. sion ofisotopes and propranolol and into the contralateral dorsal hand vein, which was heated, for arterialized venous sampling (23) . The subjects remained in bed for 60 min after catheter placement to ensure resting conditions before proceeding with the study. In five normalweight volunteers, only baseline lipolytic rates were measured. In the other five normal-weight volunteers and in all the cachectic subjects, baseline lipolytic rates, TG-FA cycling, and the antilipolytic response to propranolol were determined. Oxygen consumption, carbon dioxide production, and resting energy expenditure (REE) were determined with a Horizon metabolic measurement cart and face mask system (Sensormedics Corp., Anaheim, CA). Measurements were taken over a 15-min period while the subjects lay comfortably in a darkened and quiet room.
After baseline blood samples were obtained, [2HiJglycerol (MSD Isotopes, Montreal, Canada) dissolved in 0.9% sodium chloride and [I-'3C]palmitic acid (MSD Isotopes) bound to human albumin (Cutter Laboratories, Emeryville, CA) (2, 24) were infused for 120 min by using a calibrated syringe pump (C. R. Bard Inc., North Reading, MA). The glycerol was administered by primed-constant infusion with a priming dose of 1.2 Amol/kg and an infusion rate of 0.08
;&mol -kg-' * min-', the palmitic acid was given by constant infusion at a rate of -0.04 umol * kg-' -min-' (25) . The exact infusion rate was determined for each subject by measuring the concentration ofisotope in the infusate. At 60 min, propranolol, a nonselective fl-adrenergic receptor antagonist, was infused (0.05 mg/kg priming dose given over 4 min and 0.001 mg * kg-' * min-' continuous infusion) for 1 h to evaluate the contribution off-adrenergic stimulation. In previous studies we have found that the maximal antilipolytic effect during propranolol infusion occurs within 30 min (21) . Blood samples were withdrawn before starting the isotope infusion to determine baseline concentrations of hormones and substrates and background enrichment of glycerol and palmitic acid. Blood samples were taken at 45, 50, 55, and 60 min to determine basal lipid kinetics and at 75, 90, 105, 112, and 120 min to measure the antilipolytic effect of propranolol infusion. Analysis ofsamples. Blood for glycerol determination was collected in heparinized tubes and placed immediately in ice. The plasma was promptly separated by centrifugation and stored at -20°C until analysis. [2-'3C]glycerol was added as an internal standard to each sample, except the baseline sample. Plasma proteins were precipitated with barium hydroxide and zinc sulfate. After centrifugation the supernatant was passed through a mixed cation (Dowex AG-SOW-X8) and anion (Dowex AGI-X8) exchange column. Trimethylsilyl derivatives ofglycerol were formed and their isotopic enrichment was determined by gas chromatography mass spectrometry (GCMS) (26) . Ions were selectively monitored at mass-to-charge ratio (m/e) 205, representing the unlabeled glycerol derivative, and at m/e 208 to quantify the isotopic enrichment in the plasma resulting from the [2H5]glycerol infusion and at m/e 206 to quantify the enrichment resulting from the addition of [2-'3C]glycerol. These values were used to calculate glycerol kinetics and glycerol concentration. The enrichment at m/e 208 was corrected for the contribution made by addition of the internal standard.
Blood for analysis of [1-'3Clpalmitate enrichment was collected in the same manner as that for glycerol. Heptadecanoic acid was added to each sample as an internal standard. The fat-soluble fraction was extracted from the plasma, and the fatty acids were converted to their corresponding methyl esters as previously described (27) . [1-13C] palmitic acid enrichment was determined by GCMS (model 5992, Hewlett-Packard Co., Palo Alto, CA). Palmitic acid concentration was quantified separately by gas chromatography.
Plasma glucose concentration was measured on a Glucose Au-toAnalyzer (Beckman Instruments, Inc., Fullerton, CA) using a glucose oxidase reaction. Plasma insulin was determined by radio immunoassay (28) (Incstar Corporation, Stillwater, MN). Plasma epinephrine and norepinephrine concentrations were determined by radio-enzymatic assay using catechol-O-methyltransferase to label catecholamine-containing compounds with tritium-labeled S-adenosyl methionine (29) .
Calculations. The Ra of palmitic acid and glycerol in plasma were calculated by the equation described by Steele (30) . During the basal period (45-60 min) a physiological and isotopic steady state was present so that:
Ra is the rate of appearance of glycerol or palmitic acid in ,gmolkg-' -min-', Fis the isotope infusion rate in umolkg-' * min-', and IE is the isotopic enrichment at plateau. Because the infusion of stable isotopes contributed to the mass of the substrate pool, Eq. 1 was modified to:
Ra is the rate of appearance of glycerol or palmitic acid in ,gmol * kg-' -min-', IEj is the isotopic enrichment ofthe infusate (mole percent excess), and IEp is the isotopic enrichment of plasma (mole percent excess) at isotopic equilibrium.
The concentration of plasma glycerol was determined as follows:
when 0.00198 umol of [2-'3C]glycerol was added to each 1 ml plasma sample, and MPE is the mole percent excess ofeach sample compared with a sample from the same subject without the addition of [2-'3C]glycerol.
The infusion of propranolol disturbed the steady-state conditions so that the Steele equation as it applies to the non-steady-state situation (30) was used. The effective volume of distribution used to calculate glycerol and palmitic acid Ra was 210 ml/kg and 40 ml/kg, respectively. Spline fitting, a technique which smoothly joins polynomial function segments, was used in describing the enrichment and concentration data (31) . The antilipolytic response to propranolol infusion was expressed both as the area between the basal (prepropranolol infusion) and propranolol infusion Ra values. Glycerol Ra is a better measure ofthe total rate of lipolysis than palmitic acid Ra because released glycerol cannot be directly reincorporated into triglyceride by adipose tissue (32) .
The rate of TG-FA cycling represents the rate of reesterification of hydrolyzed triglycerides. It can be calculated as the difference between the rate of triglyceride oxidation, measured by indirect calorimetry, and the rate of triglyceride lipolysis, measured as glycerol Ra. Therefore, whole-body triglyceride recycling was calculated as:
Total TG-FA cycling (lmol) = Ra glycerol (,gmol) -total triglyceride oxidation (Mmol), (4) where palmityl-stearyl-oleyl-triglyceride (Cs5Hio406, 7740 kcal/mol) was considered to be a typical triglyceride (33) .
The energy cost ofTG-FA cycling was estimated by calculating the number of"high-energy" phosphate bonds (ATP --ADP) required for reesterification. It was assumed that eight high-energy phosphate bonds were required per mole oftriglyceride recycled (34) . Because it is estimated that 18 kcal ofheat are released per mole ofATP hydrolyzed and synthesized (35) , the total energy cost is -144 kcal/mol oftriglyceride recycled.
Carbohydrate, fat, and protein oxidation rates and energy expenditure were calculated from measurements of oxygen consumption, carbon dioxide production, and estimated urinary nitrogen excretion (36) .
Statistical analysis. One-way analysis of variance was used to test the significance of differences between the three groups.
Results
The characteristics of the study subjects are shown in Table I . All patients with cancer were recently diagnosed and had biopsy-proved squamous cell carcinoma of the esophagus.
Dysphagia, decreased food intake, and weight loss were the major complaints that led all patients to medical evaluation. The cachectic patients free of cancer lost weight because of malabsorption (one patient with pancreatic insufficiency) or decreased food intake (two patients with dysphagia due to esophageal motility disorder or esophageal stricture, one patient with poor dentition, and one with depression). The five cachectic patients without cancer had lost 30, 20, 20, 15, and 1O% oftheir body weight during the 6 mo before the study and were-closely matched to the five patients with cancer who lost 28, 20, 18, 15, and 10% of their body weight. All cachectic patients were continuing to lose weight at the time ofthe study and none were weight-stable. The weight of the normal volunteers was stable before the study.
The basal plasma concentrations of glucose, insulin, and catecholamines are shown in Table II . The values in the patients with cancer did not differ from those in the cachectic controls or the normal-weight volunteers.
The Ra of glycerol and palmitic acid were greater in the patients with cancer than in the normal-weight volunteers (Table III) (P < 0.03). However, the lipolytic rates in the patients with esophageal cancer were the same as the values in the nutritionally matched cachectic patients without cancer.
The intravenous infusion of propranolol caused a prompt decrease in glycerol Ra (Table IV) . The decrease in glycerol Ra during the 60-min propranolol infusion, expressed as the absolute area between the glycerol Ra values during propranolol infusion and the basal (prepropranolol infusion) Ra value, was greater in both cachectic patient groups than in the normalweight volunteers, but the differences were not statistically significant (P > 0.05).
TG-FA cycling was measured in all cachectic patients and in 5 of 10 normal-weight volunteers ( Table V) . The rate of TG-FA cycling was numerically greater in both groups of cachectic patients than in the normal-weight volunteers, but the differences were not statistically significant (P > 0.05). The percentage of released fatty acids that was subsequently reesterified was the same in the normal-weight volunteers and the patients with esophageal cancer (60%). REE, measured by indirect calorimetry, was similar among groups (Table VI) . REE was not significantly different from that predicted by the Harris-Benedict equation (37) in each of the three groups of study subjects. 
Discussion
Four possible mechanisms could cause an increase in lipolytic rates in patients with cancer: (a) increased lipolytic rates caused by decreased food intake and malnutrition; (b) increased lipolysis when expressed per kilogram of body weight caused by body fat loss and an increased percentage of body weight as lean body mass; (c) stimulation oflipolysis caused by the stress response to illness with adrenal medullary stimulation, increased circulating catecholamines, and insulin resistance, and (d) the release of lipolytic factors produced by the tumor itself or by myeloid tissue cells. The present study evaluated the importance of nutritional status, determined by percentage of body weight loss, on lipolytic rates comparing cachectic patients with cancer with both a cachectic cancer-free control group and healthy volunteers of normal weight. Each patient with cancer was matched with a patient who had lost a similar percentage of body weight during the same time period and had ingested the same meals the day before the study.
The results of the present study demonstrated that wholebody lipolytic rates were greater in the cachectic patients with squamous cell carcinoma of the esophagus than in the healthy volunteers. The younger age of our normal-weight volunteers does not affect this conclusion because lipolytic rates in the elderly are similar to those in young adult subjects when expressed per kilogram lean body mass or per kilogram body weight (25) . That lipolytic rates did not differ in our patients with esophageal cancer compared with those in the nutritionally matched cachectic controls suggested that semistarvation or changes in body composition or both were responsible for the increase in lipolysis, rather than the presence of tumor itself. Many studies have demonstrated the sensitivity of adipose tissue to starvation and showed that glycerol and fattyacid turnover increased markedly in response to food deprivation (21, 24, 25, 31) . It is likely that the cachectic patients had a higher percentage of body weight as lean body mass and a lower percentage of body weight as fat. Assuming that body composition in our subjects was the same as that reported in a similar group of normal volunteers (21, 31) Five other studies have evaluated lipolytic rates in patients with cancer (10) (11) (12) (13) (14) . Mean glycerol Ra ranged from 1.27±0.15 (11) to 7.29±1.86 (13) Mmol* kg-' min' in comparison with a value of 2.96±0.45 zmol kg-' -min-' in our study. Besides potential differences in food intake and body composition, the wide range of values may be related to differences in the severity of illness ofthe patients studied. Stimulation oflipolysis has been well documented as part of the metabolic response to stressful illness (12) or injury (19) . Our patients had a low level of metabolic stress as indicated by their normal concentrations of plasma catecholamines and normal energy expenditure. This does not mean, however, that our patients did not have significant disease. Indeed, although one patient was still alive 15 mo later, four of our five patients with cancer died within 12 mo (mean±SE, 7±2 mo) of the study. The level of stress in the patients reported in other studies is difficult to evaluate but may have been greater than the level in our patients. Energy expenditure (14) , plasma cortisol (12), or urinary vanillylmandelic acid (13) was reported to be increased in some studies.
Although the precise mechanisms are not known, a larger tumor load, other tumor types, active inflammation, or cancer therapy could have increased the level of stress in these patients. Differences in tumor stage or tumor types among studies may have influenced lipolytic rates if they caused the release of endogenous lipolytic factors. In contrast with previous studies, we studied a uniform group of patients with one type and stage oftumor. The relationship between possible lipolytic factors such as tumor necrosis factor, a myeloid cell-derived polypeptide possibly associated with cancer (39), and esophageal cancer is not known. Although tumor necrosis factor was not measured in our study, it was probably not an important factor in stimulating lipolysis because of the lack of fever or increased oxygen consumption, which has been associated with its administration when given at lipolytic doses (40) . Other, as yet unknown, mediators cannot be excluded. Finally, it is possible that the analytical difficulties of the enzymatic technique used in measuring glycerol concentration in the earlier studies contributed to the variability in the reported data.
The mean decrease in lipolytic rates during f-adrenergic receptor blockade with propranolol infusion was twofold greater in both groups of cachectic patients than in the normal-weight subjects. Although this observation suggests that 0-adrenergic stimulation contributed to the increase in lipolysis in the cachectic patients, the differences between groups were not statistically different, because of the variability in the response to propranolol in the patients with cancer. TG-FA cycling tended to be greater in the cachectic patients than in the volunteers of normal weight because of the increase in triglyceride mobilization (fatty acid release) without a concomitant increase in energy expenditure (fatty acid oxidation), but the differences were not statistically significant. It has been demonstrated both theoretically (35) and empirically (41) that TG-FA cycling can enhance the regulation of metabolic pathways. The "excess" mobilization of fat and subsequent reesterification to triglycerides may have increased the sensitivity and flexibility of fuel regulation in the cachectic patients whose energy intake was inadequate. The calculated energy cost of the increased TG-FA cycling in the cachectic patients was minimal. Total TG-FA cycling accounted for < 2% of REE in both the normal volunteers and cachectic subjects. REE in the patients with esophageal cancer was similar to the expenditure in the normal and cachectic controls and to the predicted REE. These results are in agreement with a recent study which found that REE in malnourished patients with esophageal cancer was the same as that in normal controls (42) .
In conclusion, this study has demonstrated that the increase in whole-body lipolysis and TG-FA cycling in cachectic patients with squamous cell carcinoma of the esophagus are appropriate for their nutritional state and are not necessarily caused by tumor-induced abnormalities in lipid metabolism. These results should not be extrapolated to patients with other tumor types or to patients with the same tumor but in a different clinical setting. Our patients were carefully selected to avoid factors that might influence lipid metabolism, such as "inflammatory stress," liver metastases, and previous cancer therapy. More studies in patients with individual tumor types and using appropriate nutritionally matched controls are needed to investigate possible metabolic abnormalities in patients with cancer to distinguish the effect of the tumor alone from confounding influences.
